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ABSTRACT

Results from a time-dependent, three-dimensional numerical simulation of the Hudson-Raritan estuary are
compared with observations. The comparison includes: 1) instantaneous salinity contours across a transect in
the estuary; 2) amplitudes and phases of tidal constituents at four tide gauge and five current meter stations; 3)
mean currents at nine meter locations, and mean salinity in the Hudson River; 4) kinetic energy spectra; and
5) response to wind forcing of subtidal current at an observational station near the mouth of the estuary.

Observations confirm the model’s prediction of existence of density advection instabilities induced by differential
advection of the three-dimensional density field. These instabilities produce intense vertical mixing and should
significantly modify dispersion processes in the estuary. Effects of neap-spring tides on vertical stratifications
are also simulated by the model. Simulated M, phases at three tide gauge stations show improvement over the
M, phases obtained from a two-dimensional, vertically integrated tidal model. The improvement is presumably
due to bottom boundary layer resolution and, therefore, improved representation of bottom friction in the
three-dimensional model. Simulated (instantaneous and mean) currents compare reasonably well with obser-
vations, except at narrow channel regions where the model’s resolution is inadequate. Simulated “density-
induced” mean currents are weaker than those observed, a discrepancy attributed to neglect of temperature
variations in the model. Horizontal diffusion coefficients are null in this model. The burden of horizontal
dispersion is generally handled well by the model’s adequate resolution of small-scale advective processes, as
suggested by the model’s correct simulation of the k=3 transfer spectrum law at high wavenumber k. In narrow
rivers that are modeled two-dimensionally (x, z), the estimate of the horizontal dispersion due to vertical var-
iabilities in velocity and salinity appears to be correct; however, mixing by lateral variability is absent so that
the saline intrusion is somewhat underpredicted. At the mouth of the estuary, simulated subtidal current responses
to wind forcing generally agree with observed responses. The response is partly barotropic, which is a result of
balance between bottom friction, sea level setup from the adjacent continental shelf and wind stress, modified
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by local vertical velocity shears and baroclinic responses.

1. Introduction

In Part I (Oey et al., 1985a), we discussed numerical
results obtained from a 216-day simulation of the
Hudson-Raritan estuary. In Part II, we compare nu-
merical results with observations made during August
1980 by the National Ocean Survey (NOS). To exper-
imentally verify density advection instabilities eluci-
dated in Part I, we shall also compare the computed
salinity distribution across the Sandy Hook~Rockaway
Point transect (henceforth the SHRP transect) with our
own field data.

The NOS circulatory study consisted of six 15-day
deployment periods of current meters during summer
and fall of 1980. For the present study, NOS current
meter observations from the first two deployment pe-
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riods (4 August 1980-3 September 1980) were used.
There were nine stations in the first deployment period
and ten in the second. Observations from some of these
stations were rejected owing either to meter malfunc-
tion or to unrealistically large values of velocity. For
the present study we decided to use the current meters
from the SHRP transect, the-Narrows and the Hudson
River. These are regions of largest tidal current am-
plitudes in the harbor and are also regions where most
of the tidal energy is produced and dissipated. The lo-
cations of the current meter stations are shown in Fig.
1. Further information on these observations is pro-
vided in Table 1. We have retained the NOS station
numbers but have added suffixes S, M or B to denote
the near-surface, middle and near-bottom meters.
The current meters used in the NOS study were
Grundy Model 9021-G meters which measure tem-
perature and conductivity together with current speed
and direction. The sampling interval was ten minutes.
Initial processing of the current meter records was per-
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FIG. 1. Locator map of the Hudson-Raritan estuary, showing tide gauge stations and NOS
current meter locations where computed tides, velocity and salinity are compared with ob-
servations. The triangular symbols across the Sandy Hook-Rockaway Point transect denote
stations where salinity measurements were taken on 20 and 27 August 1980.

formed by NOS. Copies of the processed data files were
made available to us by NOS. Further details on in-
strumentation as well as a discussion of measurement
uncertainty for these instruments are given by Kalvaitis
(1982).

There are three reference tide gauge stations in the
New York. Harbor region: Sandy Hook, the Battery
and Willets Point. During the NOS circulatory study
several supplementary gauges were installed. In addi-
tion to sea level elevation data from these reference
stations we have also employed data from tide gauges
at South Amboy near the Raritan River mouth and at
Port Elizabeth in Newark Bay.

2. Experimental verification of density advection in-
stabilities

In Part I, we discussed a new mechanism for intense
mixing produced by dense water overlying less dense

water owing to differential advection of the three-di-
mensional salinity field by tidal and/or wind-induced
currents. We called this phenomenon a density advec-
tion instability and cited field measurements by Bow-

- den et al. (1959) that indirectly suggest existence of

such instabilities. We now present our own observed
salinity (density) variations across the SHRP transect
and compare these “synoptic” observations with sim-
ulated results. Our objective is to show that unstable
layers of water do develop in the estuary.

a. Observational procedure

Temperature and conductivity measurements were
taken on a small boat using a Beckman RS-5 salino-
meter at seven more or less evenly spaced stations along
the SHRP transect (Fig. 1). The vertical (z-direction)
spacing at each station was approximately 1.6 m with
the first meter reading taken at 1.6 m below the water
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TABLE 1. NOS meter locations.

Location
Meter depth Latitude Longitude Water depth Record duration

Station (m) (°N) (°W) {m) Month/day/GMT-Month/day
NOS

01 40 82 18 73 56 48 7.9

S 5.2 08/04/1500-08/21

B 6.7 08/15-09/05
NOS

03 40 30 54 73 58 24 134

S 5.5 08/04/1700-08/21
NOS

03 40 30 48 73 58 18 134

S 5.5 08/21-09/04

B 12.2 08/29-09/01
NOS

05 40 29 12 74 00 06 14.0

S 4.6 08/04/1800-09/02

B 12.8 08/13/0600-09/04
NOS

17 40 36 30 74 02 54 259

S 3.0 08/06/2200-08/20

M 17.1 08/23/1500-09/05

B 24.7 08/20/1700-09/05
NOS

36 40 48 48 73 58 06 16.2

S 49 08/20/1600-09/04

surface. Measurements were repeated at about 1.5-hour
intervals at each station over a tidal cycle on 6, 20 and
27 August 1980.

b. Comparison of salinity distributions

In order to compare observed and computed salinity
distributions at a particular instant of time, a linear,
time interpolation of observed values at each obser-
vation point was used. This and the fact that the mea-
surement stations were not aligned exactly along a
straight line across the SHRP transect introduce pos-
sible sources of discrepancy in the comparison. We
shall present results for the 20 and 27 August periods
which represent respectively a neap and a spring tide
sample. Thus the effect of different tidal amplitudes
on stratification can also be seen.

Figures 2a, b show comparisons of computed and
observed salinity contours at approximately slack be-
fore flood (1500 GMT 20 August and 2100 GMT 27
August). The model simulates fairly well the observed
salinity features in the midsection (Fig. 2a), except that
it misses the high bottom salinity value (S =~ 32%o).
The model also misses the observed pool of near-sur-
face, rather fresh water (S =~ 28-28.5%9) close to Sandy
Hook. This is due to neglect of the Shrewsbury River
discharge just south of Sandy Hook on the southern
portion of the model boundary. Its total discharge
amounts to only 5% of the discharge from Raritan

River, but its close proximity exerts a significant local
influence. Between the midsection and Rockaway
Point, the simulation shows a near-surface, rather fresh
pool of water (S ~ 29.5%», Fig. 2a) that is due to sewage
discharge from Jamaica Bay. The observed salinity does
not show this feature, One notes however that this pool
of surface water was simulated to occur at a depth of
less than 2 meters below mean tide level and could
therefore be missed by the coarse vertical resolution
used in the observations. Nevertheless, the observed
near-surface (<2 m) salinity at station 7 is less than
that at station 6, which suggests that there is less saline
water close to the Rockaway Peninsula shoreline flow-
ing out from Jamaica Bay during the previous ebb
cycle.

Figure 2a also shows unstable stratifications in the
observed salinity contours. Vertical difference in salin-
ity (upper salinity minus lower salinity) is +0.14%o near
Sandy Hook, and surface and bottom vertical salinity
differences are +0.11%0 and +0.18%o, respectively, near
Rockaway Point. The precision of salinity measure-
ments is within +0.02%o so that differences greater than
+0.02%0 in observed salinities are considered signifi-
cant. Observed density fields also show these instabil-
ities, so these are true instabilities in the sense discussed
in Part I and would produce intense vertical mixing.
Simulation shows the instabilities near Rockaway Point
but misses the one near Sandy Hook.
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FIG. 2. Comparison of computed (left panel) and observed salinity (ppt) distributions across the Sandy Hook~Rockaway Point transect. The hatched
areas are where the water columns are unstably stratified. The computed gradient Richardson numbers Ri are also shown. (a) 1500 GMT 20 August;
(b) 2100 GMT 27 August; (c) 2000 GMT 20 August; (d) 1500 GMT 27 August. (a) and (b) correspond approximately to pre-flood slack and (c) and
(d) to pre-ebb slack. The small numbers on the observed plots are salinity values in ppt at meter locations.



DECEMBER 1985 OEY, MELLOR AND HIRES 1697

Sandy Hook Rockaway Point
1 3 4 5 6 7

- T

3166 3177 3130 3222 3230

——
b
~

I}
w

1264 3233 3248

)

ALV ‘ ]
/////,,

328713268 32946 3266 3234

1291 3299 3241

Ri= ~ /
//// | | % %
b -9
33.0
.4 A . / ;u‘i :2,6! 3294 /:X l’l:";’
Computed Observed
-12 i 1 1 1 -12
0 10
(km)
d Hook Rockaway Point
0 Rockawgy Pont oSandy 1 5 6 7

S S mm o

3 4
sas z\:w

3138 3149

LR%Y ) I1NE 3139

3181

N/ = V\ 7,
F/—/ 5 1T«

4 3ol 30,01 3136 315890 16N 31S5) 3len
31.5 6

3138

Z(m)
\
\

; ////// 1065 3098 11,31 3151 31,71 3187
Y /’ %4 4 y
- | °/f || of 9 % %
Computed Observed
-12 i 1 \ 1 -12
0 10
(km)

FIG. 2. (Continued)

Observed slack-before-flood salinity distributions as well as the observed unstable stratification in near-
during a spring tide (Fig. 2b) show vertically homo- surface water close to Rockaway Point but misses the
geneous water. The simulation also shows this feature ones at 3 and 7 m and a similar one at 7 m near Sandy
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Hook. The simulation shows a thin vertical column of
rather freshwater (S ~ 29.0%¢) close to Rockaway
Point, which is also observed, although observation
does not show such low salinity. There is also less-
saline water close to Sandy Hook, which is again missed
by the model. Excluding these thin columns of less-
saline water, the transverse salinity difference is sim-
ulated well by the model. ’

Figures 2c, d compare computed and observed sa-
linities at approximately slack before ebb (2000 GMT
20 August and 1500 GMT 27 August). The simulation
shows formation of the near-surface salinity minimum
and middepth stratification at the midsection but
misses a deeper stratification (Fig. 2¢). Locations of
unstable stratifications are simulated well by the model
as are the transverse and vertical differences of salinity.
Observations do not show the rather fresh, near-surface
water near Rockaway Point, however.

Finally, in Fig. 2d, the near-surface salinity mini-
mum at the midsection and locations of unstable strat-
ifications near Rockaway Point and at the midsection
are simulated well, but those near the surface near
Rockaway Point and one at 9 m depth near Sandy
Hook are not simulated. The observed salinity at sta-
tion 7 is again less than that at station 6. This feature
is also simulated by the model, although the model
salinity is lower than that observed (model salinity
= 30.5%o; observed salinity = 31.40%0). Transverse and
vertical salinity differences are also simulated well by
the model.

It appears that the model simulated quite well the
observed salinity distributions across the transect. Dis-
crepancies in local regions can largely be explained by
errors we made in specifying freshwater discharges from
small streams and sewage sources. The model also pre-
dicts weaker stratifications in the Ambrose Channel at
the midsection of the transect. This is most likely due
to neglect of temperature in the model and we shall
discuss this in more detail after examining the NOS
data. The model’s prediction of unstable stratifications
is confirmed by observations. Temporal durations of
density advection instabilities (Ri < 0) in the model
calculation are about 1-2 hours and are marginal when
comparing with observations with time resolution of
about 1.5 hours. Thus we can only verify the existence
of these instabilities and should not be overly concerned
with the model’s failure to reproduce them exactly in
time and space.

3. Comparison of model results with NOS observations

We first compare model and observational results
at both the tidal time scales of one day and less, and
at the subtidal time scales of one to ten day periods.
In addition to customary time series comparisons we
also compare the spectral distributions between the
observed and simulated currents. This enables us to
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compare simulated and observed responses to subtidal
wind forcings. These comparisons in Fourier space
provide additional demonstration of model skill (cf.
Bedford, 1981).

a. Comparison of tidal elevations

Figure 3 gives an example of comparison of com-
puted and observed tides at the Battery from 3 August
through 2 September 1980. Computed amplitude is a
little low, while the phase generally agrees with obser-
vations. A summary of tidal harmonic analyses of the
five major constituents for the four tide gauge stations
shown in Fig. 1 is given in Table 2. Agreements between
computed and observed amplitudes are best for M,
and N, components. Excluding the Port Elizabeth tide
station, computed M, amplitudes and phases are within
5% of observations. Tides from the SHRP transect to
the Battery appear as progressive waves, and the good
simulation suggests that the model has computed bot-
tom friction well. Computed phases are improved over
those obtained from a depth-averaged model with qua-
dratic bottom friction and constant friction coefficient
k (=~2.5 X 1073, given by Oey et al. (1985¢c) and shown
also in Table 2. A large part of the discrepancy in the
two-dimensional model is due to uncertainties in the
value of k. The model’s resolution is poor, and ampli-
tude and phase errors are large at Port Elizabeth, Ne-
wark Bay, which is connected to the main bay via nar-
row straits and which has narrow ship channels.

b. Comparison of velocity and salinity at the tidal time
scales

Figure 4 shows examples of time series comparison
between model results and observations. Here, longi-
tudinal velocity at a particular station is defined as the
velocity component normal to the local cross-sectional
plane that passes through the station and is bounded
on two sides by local coastline. In general, the model
gives better simulation (Fig. 4a) during a spring tide
(around 28 August) than during a neap tide (around
17 August). This happens because the model generally
also computes less stratification than that which is ob-
served, perhaps a consequence of the neglect of tem-
perature variation in the simulation.

The model simulation at NOS36 (Fig. 4d) in the
Hudson River is good, suggesting that the saline intru-
sion into the river has been simulated well. Figure 5
shows the simulated (solid curve) 30-day time-averaged
and cross-sectionally averaged salinity distribution in
the Hudson River. The dashed curve is from obser-
vations compiled by Quirk et a/. (1971) for a different
discharge and is included here to show that the model
has computed well the shape of the longitudinal salinity
variation in the river, including a slow, approximately
linear rise of salinity with distance from the head of
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FiG. 3. Comparison of 30-day tide at the Battery from 3 August to 2 September.

Solid curves are model results and dashed curves are observations.

the river, and a subsequent exponential variation fur-
ther seaward. Quirk ez al. reported an observed intru-
sion of about 120 km for a discharge of 130 m> s

(= mean discharge during simulation period) so that
the computed salinity intrusion (=93 km) is smaller
than that observed by about 23%. Since the model’s

TaBLE 2. Comparison of model (M) and observed (O) tidal elevation constituents at four tide gauge stations in New York Harbor. The
bracketed numbers under the “M,” column are computed phases obtained from Oey et al. (1985c) with a vertically integrated tidal model

forced by an M, tide at the open boundaries.

Constituents

M; tide N, S, K, 0O,
Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
Station {cm) (deg) (cm) (deg) (cm) (deg) (cm) (deg) (cm) (deg)
Sandy Hook '
M: 65.1, 23 15.0, 38 12.0, 267 9.8, 266 4.8, 17
O: 67.9, 23 14.8, 35 12.9, 260 9.9, 266 5.6, 114
South Amboy
M: 71.1, 26 (28) 17.4, 38 12.1, 267 10.5, 266 5.2, 117
O: 74.8, 26 17.2, 39 14.9, 264 9.5, 266 5.3, 113
The Battery
M: 67.8, 44.3 (50) 16.4, 64 11.8, 279 10.0, 275 49, 129
O: 68.6, 434 14.9, 59 12.3, 274 8.8, 279 6.8, 130
Port Elizabeth
M: 67.2, 46.6 (45.7) 16.4, 65 12.7, 283 10.1, 268 4.9, 133
O: 7.5, 479 16.3, 63 14.1, 287 10.2, 282 6.7, 130
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FIG. S. A comparison of simulated (solid curve) and observed (dashed curve) time averaged
and sectionally averaged salinity distribution in the Hudson River. Observations are taken from
Quirk ez al. (1971). Note that the log-linear plot exaggerates the difference between the computed

and observed results at low salinity values.

horizontal diffusion has been set to zero, this deficiency
in salt intrusion—if it is assumed that results of Quirk
et al. apply to August 1980—may be a result of pro-
cesses that are not included in the model, namely, the
steady and unsteady transverse (across-river) variations
of velocity and salinity. This is consistent with both
observational evidence and analytical calculation,
which give values of 55-80% for the fraction of up-
river salt transport by the steady and unsteady vertical
variations of velocity and salinity (see Oey, 1984, and
references quoted therein). This implies that the mod-
el’s vertical grid resolution (10 levels in depth of about
10 m) is sufficient to simulate dispersion processes in-
duced by vertical velocity and salinity variations.
Results at NOSOS (Fig. 4b) illustrate well the effects
on salinity variations of eddies produced by interaction
between tidal currents and coastal promontories. Sea-
water that passes NOSOS during a flood is trapped and
mixed in Sandy Hook Bay with less-saline water from
the Raritan and Shrewsbury rivers. This process is car-

ried out by eddies generated by the interaction of
flooding currents with Sandy Hook Peninsula (Fig. 4,
Part I). During ebb, water of almost constant salinity
stored in Sandy Hook Bay now flows out and passes
station NOSO5 resulting in a “flat” salinity trough as
shown in Fig. 4b. This asymmetry in salinity variation
is simulated quite well by the model, except that ob-
served salinities during ebb (the “flat trough™) are on
average 0.8%o lower. This discrepancy is in part caused
by freshwater discharge from the Shrewsbury River
(Fig. 1, Part 1), which we thought to be unimportant
and therefore neglected in the model. Its close prox-
imity to NOSOS apparently has a significant, local in-
fluence on the salinity and, as we shall see later, on
density-induced mean flow also.

We summarize in Table 3 results of velocity com-
parison in terms of harmonic constituents. Largest dis-
crepancies are at the Narrows (see also Fig. 4c) where
the model overpredicts the observed velocity magni-
tude at NOS17S by as much as 50% during neap tides
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(not shown). The error may again be due to neglect in
the model calculation of temperature variation, which
is expected to be important at the Narrows because of
its greater depth and dynamically more significant
during neap period when tidal mixing is weak.

¢. Comparison of mean velocities

We compare in Table 4 simulated and observed
mean currents. The table also includes current meter
data across the SHRP transect obtained from U.S.
Coast and Geodetic Survey field studies for 12-16 Au-
gust 1959, as reported by Doyle and Wilson (1978).
The Hudson River discharge for August 1959 was 148
m? s~! and is therefore close to the present mean value
of 130 m3 s™!. The largest discrepancy between simu-
lation and observations occurs at NOSO5 where both
NOS and Doyle and Wilson observations give landward
inflows in the deep Sandy Hook Channel (NOS05B),
whereas the model’s mean currents are seaward
throughout the depth. This error is related to the mod-
el’s poor prediction of salinity during ebb at NOSO05
(Fig. 4b) and is in part due to neglect in the model
calculation of a freshwater source from Shrewsbury
River. Model grid sizes are also too coarse to resolve
the narrow channel (width < 300 m). Apart from this
localized error, overall agreement is fairly good. Both
model and observations give landward flows near
Rockaway Point (NOSOQ1), surface seaward flows at
midsection (NOS03S) and also near Sandy Hook
(NOSO05.S), and weak landward flows in the deep Am-
brose Channel (NOS03B). Comparisons at the Narrows
(NOS17) and Hudson River (NOS36S) are also quite
favorable, although weaker density-induced flow
(NOS17) is evident in the model results.

We have also compared the model’s mean circula-
tions in Raritan Bay with sparse observations obtained
by Jefferies (1962) and Abood (1972). These circula-
tions are primarily wind driven and are similar to those
given by Hires et al. (1984). They are not reproduced
here,

d. Comparison of energy spectra

We compare in Fig. 6 computed and observed energy
spectra at station NOS3S where 30-day observations
are available. The figure also gives spectra of cross-
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shore (Fig. 6d) and alongshore (Fig. 6e) components
of wind stress and of sea level (Fig. 6¢c) at Sandy Hook.
Cross-shore direction is defined as the direction per-
pendicular to the SHRP transect (positive seaward),
and is nearly in the direction perpendicular to the local
isobath in the adjacent continental shelf region. Along-
shore direction is therefore nearly parallel to the isobath
in the continental shelf region.

Model energy bands at diurnal, semidiurnal and
nonlinear M, and Mg periods compare quite well with
observations. Note that while M, and Mg sea level
energies are less than diurnal (K, and O, sea level ener-
gies, M, and Mg energies for velocity are of the same
order as, or larger than, diurnal energies for velocity.
Thus nonlinear wave interactions are important. The
simulated spectral shape at high frequency (period less
than 12 hours) also agrees quite well with observation,
as can be seen from the smoothed spectra shown in
Figs. 7a, b. The model’s energy spectrum in Fig. 7a
follows a k,, 3 behavior, in agreement with two-dimen-
sional turbulence theory (Fjortoft, 1953; Kraichnan,
1967; Leith, 1971). Here, k, is a nondimensionalized
wavenumber defined as k, = (w/U)- B, where B = 5
km is taken as a typical cross-sectional dimension of
the estuary, w is frequency and U is somewhat arbi-
trarily taken to be 0.2 m s~'. The model’s “k, " be-
havior at large wavenumbers suggests that the model’s
grid sizes are sufficiently refined to correctly resolve
small-scale eddies and hence shear dispersion processes
in the estuary.

e. Subtidal response to wind forcing

For time scales greater than one day, the dominant
forcing is the wind stress manifest in two forms: di-
rectly, through local surface stress and indirectly, at
open boundaries through sea level variation induced
by winds over the continental shelf. Spectra of observed
velocity (Fig. 6b) and sea level (Fig. 6¢) show maxima
at periods that correspond to maxima in spectra of
wind stresses (Figs. 6d, €). Similar maxima can also be
seen in the simulated velocity spectrum (Fig. 6a). For
periods longer than ten days, the simulated energy is
some five times less than is observed.

To study the relations between winds and simulated
and observed velocities we show in Fig. 8 square co-
herencies and phase spectra between cross-shore ve-

TABLE 4. Comparison of simulated and observed mean currents (cm s™'), positive seaward.
NOS 1980 observation at 05B is not entirely reliable.

NOS station
01S 03s 03B 05S 05B 178 17 17B 36S
Simulation -6 9 -1 5 1.6 10 -4 -5 2
NOS 1980 observation —14, 5 -5 6 -3 11 -6 -8 2
Observation, from Doyle
and Wilson (1978) -3 10 <0 12.5 -6 — — — —_
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FIG. 6. Energy spectra of (a) simulated cross-shore current at
NOSO03S, (b) observed cross-shore current at NOS03S, (¢) simulated
sea level at Sandy Hook, (d) cross-shore wind and (e) alongshore
wind. Numbers in (b) and (d) give periods in days.

locities at NOS03S and cross-shore wind stress. Sim-
ulated (cross-shore) velocity is correlated with cross-
shore wind at 4.2- and 1.4-day periods (Fig. 8b), in fair
agreement with observations, which show correlations
at 4- and 1.3-day periods (Fig. 8a). There is also a peak
around the 20-day period, but its clear interpretation
is not possible with the 30-day record we have analyzed.
Its phase difference of 180° does suggest a baroclinic
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wind response for long-period motions: increased off-
shore surface flow produces a corresponding increased
onshore bottom flow. At shorter periods, observations
show that cross-shore currents lead cross-shore winds
by about 110° at the 4-day period and by about 70°
at the 1.3-day period. This compares with 135° and
70°, respectively, computed by the model. Part of this
phase lead response is accounted for by barotropic dy-
namics. Figure 9 shows plots of squared coherency and
phase spectrum between cross-shore, depth-averaged
velocity at NOS03 and cross-shore wind stress, which
also give high coherencies around the 4- and 1.3-day
periods with phase leads of 22° and 40°, respectively.
In a study of nearshore (depth < 15 m) current meter
observations off the South Carolina coast, Schwing et
al. (1983) found that cross-shore currents lead cross-
shelf winds by about 10 hours at 5-day period, or about
30° phase lead. This finding is consistent with ours and
suggests similar governing dynamics. One can idealize
NOSO3 as a nearshore current meter station of the ad-
jacent continental shelf, and consider for simplicity the
following “steady state” (i.e., motion is induced by pe-
riodic winds with frequency of motion «w much less
than Coriolis frequency f’; for more details see Schwing
et al., 1985, where a more general time-dependent
analysis for variable H is given) transport equations:

~fV = —gHn, + v* ~ rU/H
fU= ¥~ rV/H.

Eliminating V, we obtain
[r/H + f2/(r/HDYU = [v* + f77/(r/H)] — [gHn;).

Here, x is (cross-shore) positive seaward or approxi-
mately to the southeast; y is the alongshore axis, positive
approximately to the northeast; r = 107> m s™! is the
linear friction coeflicient, and other notations are stan-
dard. The last equation shows a directly wind forced
transport and a transport induced by sea level pressure
gradient set up by the wind, represented respectively
by the two square-bracketed terms on the right-hand
side. A northwestward or southwestward (negative 7,
or 7¥) wind produces a northwestward transport. At
the same time a negative cross-shore pressure gradient
(sea level decreasing offshore) is produced that tends
to produce a southeastward transport, opposite to the
direct wind-induced transport. When winds begin
blowing southeastward or northeastward (positive 7*
or 7%), cross-shore transport is already southeastward,
in response to the negative cross-shore sea level gra-
dient, thus leading the wind in time. Schwing ez al.
(1985) show that, for low-frequency motion such that
r/H = f> w, the phase lead is close to, but less
than, 45°.

Barotropic dynamics alone do not give a complete
picture of the response. This is especially true for
NOSO03S located some 5 m below the water surface at
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F1G. 7. Smoothed energy spectra of (a) simulated and (b) cross-shore currents at NOS03S.

the mouth of an estuary where local baroclinic and
shearing velocity responses are important. These re-
sponses will also result in phase leads, perhaps aug-
menting further phase leads induced by the barotropic
wind response. The phase lead of 110° at the 4-day
period is likely a result of this baroclinic response. An
offshore wind in this case drives a stronger density-
induced two-layer circulation, with larger offshore
transport of less-saline water near the surface layer,
and a correspondingly larger onshore transport of ocean
water in the bottom layer. Wind in the opposite direc-
tion has the opposite effect.

4. Discussions

We have compared simulation results of the Hud-
son—Raritan estuary with available observations. By
and large, the model performed reasonably well in re-
producing detailed features of velocity and salinity
fields in the estuary. Observations confirm the model’s
prediction of the existence of density advection insta-
bilities, produced by differential advection of the three-
dimensional density field. An unstable layer of water
can only exist for a short time before it is mixed
throughout the water column. However, because of a

continuous supply of buoyancy energy from river and/
or sewage discharges, the phenomenon can persist for
1-2 hours and should therefore be detectable in a care-
fully designed field program. The phenomenon is im-
portant because it results in intense mixing and there-
fore affects horizontal dispersion of salt and other con-
taminants in the estuary.

Simulated tidal amplitudes and phases compare well
with observations. The average (over the four tide gauge
stations considered) percentage difference (the error)
between simulated and observed M, amplitudes, for
example, is 6%, while the average phase difference is
about 0.6°. This is a significant improvement over the
two-dimensional barotropic tidal model applied to the
same region with the same horizontal grid resolution,
which gives an average phase error of about 3°. We
interpret this improvement as being due to a better
representation of bottom friction in the three-dimen-
sional model. Future research should examine the pos-
sibility of improved tidal prediction in the estuary with
a two-dimensional model, using temporally and spa-
tially variable bottom friction obtained from the three-
dimensional model. The average (over the eight current
meters) percentage difference between observed and
simulated M, current amplitudes is 12% while the
phase difference is 6°.
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FIG. 8. Squared coherencies and phase spectra of (a) observed and
(b) simulated cross-shore currents at NOS03S and cross-share wind
stress.

Overall temporal and spatial variations in salinities,
brought about by ebbing and flooding tidal currents
and large-scale eddies, and spring—neap tide effects that
produce varying degrees of vertical stratification, are
simulated reasonably well by the model. Discrepancies
at some localized regions (near Sandy Hook and Rock-
away Point, for example) can in part be explained by
uncertainties in specifying exact freshwater discharges
near these regions. The model also produces generally
less stratification. This can be seen from a comparison
of mean currents in Ambrose Channel (NOS03) and
at the Narrows (NOS17) where simulated ““density-in-
duced” flows are weaker than those observed (Table
4). Smaller vertical salinity differences are also seen in
the model’s results during a tidal cycle (Fig. 2a, mid-
section), which are also a consequence of weaker den-
sity stratification and hence larger vertical mixing. We
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attribute this lack of stratification in the model results
to neglect of temperature variation during the simu-
lation. For example, the observed surface-to-bottom
temperature difference at NOS03 averaged about 2°C.
This gives a density difference that would be effectively
caused by a salinity difference of about 0.6%, which
is not entirely negligible in comparison with observed
and simulated salinity differences of about 2 and 1.8%.,
respectively. Thus the local error in density difference
can be as much as 30-40%.

We also compare simulated and observed energy
spectra and study velocity responses at NOSO03 to sub-
tidal wind forcing. The model simulates reasonably well
small-scale shear dispersion and gives a two-dimen-
sional k,”> energy transfer spectrum for the nondi-
mensionalized wavenumber k,, between 20 and 40 (or
a wavelength of about 3 km). Velocity responses to
subtidal winds are mixed barotropic and baroclinic re-
sponses with currents leading winds by phase angles
greater than 45°. These phase leads are similar to near-
shore observations made by Schwing et al. (1983) off
the South Carolina coast, and are apparently due to a
balance between frictional force, cross-shore sea surface
slope and wind forcing, modified by local, vertical ve-
locity shear and wind response to density driven flow.

5. Concluding remarks

What have we learned in our present attempt to
model a real, large-scale estuary with real tidal and
wind forcing and real river and sewage discharges?

1) We did not include temperature variations in the
calculations. It was assumed that the large, 0-30%o sa-
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FIG. 9. Squared coherency and phase spectrum of simulated cross-
shore, vertically integrated averaged current at NOS03 and cross-
shore wind stress.
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linity variation would dominate temperature variation
in the determination of density. This is, by and large,
true, except that we now recognize that the error as
manifest in decreased vertical stability and increased
mixing is not entirely negligible and should be avoided
in future modeling efforts. This will require the inclu-
sion of surface heat flux boundary conditions.

2) We imposed simple elevation and salinity
boundary conditions at the seaward, open boundary
since more detailed information was not available. An
important consequence is that the dynamics are not
greatly affected by this simplification.

3) For lack of more information, we assumed that
wind stress could be applied, homogeneously, over the
whole domain. This assumption is, by and large, rea-
sonable, especially for the present simulation period
when winds were relatively calm, and small-scale fea-
tures in the estuary are predominantly topographic and
tidal-induced. For periods of stronger winds, the error
may be significant but can be reduced only by extensive
wind data or by a limited-domain, meteorological
model.

4) We have deleted horizontal diffusion terms in
the momentum and salinity transport equations since
these are empirical terms usually required to represent
salt dispersion in an estuary and to suppress grid-scale
numerical noise. Our hope that the resolution (both in
horizontal and vertical directions) was sufficiently fine
that small-scale, horizontal advective processes fol-
lowed by vertical diffusion (the so-called Taylor dis-
persion processes) would correctly simulate overall
horizontal dispersion seems to have been realized in
most of the estuary (see also Oey ef al., 1985b). In
narrow rivers where lateral variability is excluded, that
portion of horizontal djspersion due to lateral vari-
ability is also excluded. We find, in the upper Hudson
River, for example, a somewhat smaller salt intrusion
than that observed. In the future, this can be improved
by empirically including explicit diffusion terms in the
small rivers or, better still, by resolving the small rivers
laterally.

5) The most obvious error is numerical truncation
error. This is most evident in the Narrows where the
lateral resolution is handled by only a few grid points
but differs from the lateral resolution error in the small
rivers in that the Narrows is the site of large topographic
variability. Increased resolution (more computer ca-
pability) or a nonrectangular numerical grid will, in
the future, solve this problem.
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